We consider a class of models involving interactions between ultra-light scalar dark matter and Standard Model neutrinos. Such couplings modify the neutrino mass splittings and mixing angles to include additional components that vary in time periodically with a frequency and amplitude set by the mass and energy density of the dark matter. Null results from recent searches for anomalous periodicities in the solar neutrino flux strongly constrain the dark matter-neutrino coupling to be orders of magnitude below current and projected limits derived from observations of the cosmic microwave background.
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Over the past several decades, the Weakly Interacting Massive Particle (WIMP) paradigm has motivated a plethora of dedicated searches for dark matter (DM) particles with weak-scale masses and couplings to the Standard Model (SM). Current direct detection experiments such as LUX [1] , XENON100 [2] , PandaX [3] , and SuperCDMS [4] are sensitive to ∼ keV nuclear recoils, corresponding to the kinetic energy of DM with a mass of ∼ GeV or greater. In the near future, ton-scale detectors will continue to probe WIMPs of similar mass, but with increasingly smaller scattering cross sections with nuclei [5, 6] . DM with MeV -GeV scale mass is also wellmotivated and is embodied in many models [7] [8] [9] [10] [11] [12] [13] [14] [15] . As a result, new strategies have been proposed to search for DM as light as the warm thermal DM limit, ∼ keV [16] [17] [18] .
However, the mass range of keV−TeV only spans a tiny fraction of the entire plausible DM landscape, which extends from ∼ 10 −22 eV to astrophysical scales [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Furthermore, for a local density of ρ DM 0.4 GeV cm −3 , DM has a large phase space occupancy when its mass is below ∼ 0.1 eV, and instead of a particle, behaves more like an oscillating classical field. The best known example of DM in this "field-like" mass regime is the QCD axion [30] [31] [32] , while others include moduli [33] [34] [35] [36] , dilatons [37, 38] , and DM through the Higgs portal [39] .
In this Letter, we focus on a particular class of ultralight scalar DM with couplings to SM fermions, ∼ φf f . If the SM fermion, f , is an electron, then this coupling induces a time variation to the electron mass, which can be searched for using atomic clocks [40] [41] [42] , accelerometers [43] [44] [45] , and gravitational wave detectors [46] . In this work, we will instead explore scalar couplings between DM and SM neutrinos. These types of interactions generically result in time-varying corrections to the SM neutrino masses and/or mixing angles, which can be searched for in the unique signals generated at neutrino oscillation experiments. Contrary to the previous studies mentioned above, the precision to which we are currently able to measure processes that are directly tied to neutrino masses does not compare to our understanding of other fundamental parameters of the SM. Regardless, as we will see below, interesting constraints can still be placed on such a scenario, given current information. We note that past studies have explored possible signals of light scalars at neutrino oscillation experiments, for example, from effects of dilatons [47, 48] and accelerons [49] [50] [51] [52] . Such work often relies on interactions between the light scalar and other SM fields, such as electrons and nucleons. The effects examined in this work, however, solely rely on the scalar-neutrino coupling, and to the best of our knowledge, represent the first investigation of time-varying signals at neutrino oscillation experiments from light scalar DM.
Let us consider a model, consisting of a real scalar DM field, φ, coupled to the SM neutrino mass eigenstates of the vacuum, ν i (i = 1, 2, 3), which we take to be Majorana, and whose naming convention follows that in the neutrino literature [53] . We will assume that φ couples to a pair of SM neutrinos, ν 1 and ν 2 , in which case our effective Lagrangian (ignoring kinetic terms) takes the form
where g φ > 0, an implicit sum over i is assumed, and the ellipsis denotes other possible interactions with neutrinos. We remain agnostic of the origin of the vacuum masses 1 , m i , and assume that they are generated from some unspecified process, such as a typical seesaw mechanism [55] [56] [57] [58] [59] . Diagonal couplings of the form φν i ν i (as well as other off-diagonal couplings) are not forbidden, and do not spoil the interesting phenomenology considered below, but lead to less interesting signals compared to Eq. (1). We will comment more on this scenario towards the end of this work.
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From a top-down perspective, φ may be identified with a dilaton of an extra-dimensional extension of the SM 1 We have assumed that ν i are four-component Majorana spinors, consisting of a single Weyl field, such that m i are the corresponding Majorana masses [54] . 2 Given an ultraviolet cutoff, Λ UV , naturalness dictates that the DM mass should satisfy m φ g φ Λ UV /4π. In the relevant parameter space discussed below, such considerations imply that Λ UV MeV.
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or a CP-violating pseudo-goldstone of a spontaneously broken global symmetry. In these theories, gauge invariance suggests that φ should also possess similar couplings to charged leptons, in which case scalar interactions with electrons often provide the best opportunity for detection. However, it is simple to construct a framework where the tree-level coupling to electrons is suppressed, for instance if g φ is generated indirectly through a coupling between φ and a right-handed sterile neutrino, or through an appropriate choice of the ratio of vacuum expectation values in two-Higgs doublet models. However, through a loop of neutrinos, one might imagine radiatively generating a scalar coupling between φ and electrons, naturally of the form
, where g 2 is the SU (2) L gauge coupling. As will be shown below, for m φ ∼ 10 −22 eV, solar neutrino detectors currently constrain DM-neutrino couplings as small as g φ ∼ 10
−25 , corresponding to radiatively generated DM-electron interactions that are several orders of magnitude below the projected reach of alternative searches [40] [41] [42] [43] 46] . Conversely, given a detectable tree-level coupling to electrons, φ naturally has scalar interactions with neutrinos, and solar neutrino detectors serve as a complementary probe to confirm the consistency of a potential signal observed in other experiments.
The local number of DM particles per de Broglie wavelength cubed is
, where we have taken v ∼ 10 −3 for the virialized DM velocity in the Milky Way. Since the phase space density of φ is large for m φ 1 eV, it can be approximated as a non-relativistic plane wave solution to its classical equation of motion,
where | v | is the virialized DM velocity, and ρ DM (x) is the DM density at the spacetime coordinate x, depending on the situation of interest. For large enough values of g φ , the cosmological non-relativistic background of neutrinos can potentially alter the form of Eq. (2). However, we find such a contribution is negligible if
where n ν is the number density of the cosmic neutrino background. At the time of recombination, this translates roughly to g φ O(10
−22 eV), while for this to hold locally today we find g φ O(10 −13 ) × (m φ /10 −22 eV). Neutrino oscillation experiments indirectly measure the survival probability from an initial source. For example, solar neutrino detectors infer the survival probability of electron neutrinos from the Sun, P νe , which for a fixed neutrino energy, is approximately dependent on just the solar neutrino angle, θ 12 , due to matter effects [53] . Eq. (2) implies that in the presence of a coherent background φ field, the coupling g φ of Eq. (1) will result in an effective shift in neutrino masses and more importantly in the mixing angles among the different weak-flavor eigen- 
where ∆m 12 ≡ m 2 − m 1 > 0.
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The solar observations of Super-Kamiokande (Super- 60] . Since Super-K directly observes the flux of recoiled electrons, all that can be inferred is the effective neutrino flux, defined to be
where Φ is the solar neutrino flux, and σ µ,τ /σ e ∼ O(0.1) is the ratio of the ν µ,τ − e − and ν e − e − scattering cross sections [61] . For energies E ν > few × MeV, P νe sin 2 θ 12 0.3 [62] . Therefore, barring O(10) % corrections, Eqs. (3) and (4) imply that θ 12 (t) will induce an oscillating flux at solar neutrino experiments with a frequency m φ ,
and an approximate modulation fraction of
For E ν 100 keV, the prefactor of 2 cot θ 12 in Eq. (6) should be replaced by sin 4θ 12 /(1 − sin 2 2θ 12 /2), which is relatively suppressed by a factor of ∼ 2.5. Hence, we will tend to focus on the more energetic 8 B neutrinos. For quite some time, there have been claims of discoveries of periodicities in the solar neutrino data [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . Different theoretical explanations have been put forward, including but not limited to various aspects of solar activity [63, 64, 77, 80] and even more exotic explanations such as a non-zero neutrino magnetic moment [81] . However, aside from the observed 7 % variation due to the eccentricity of the earth's orbit [82, 83] , no such claims have been corroborated from the experimental collaborations. Super-K and the Sudbury Neutrino Observatory (SNO) found no evidence for anomalous modulations with amplitudes over 10 % of their central flux with periods ranging from ∼ 10 minutes − 10 years [84] [85] [86] . Furthermore, studies of proposed future technologies suggest that the liquid scintillator Low Energy Neutrino Astronomy (LENA) detector could be sensitive to variations at the 0.5 % level [87] . Approved near-future experiments, such as SNO+, will also have increased sensitivity, although no dedicated studies of the projected reach for such signals have been performed. Eq. (6) therefore implies that the null results from searches at Super-K and SNO lead to an upper bound on g φ that approximately scales as
where we have taken ∆m 2 12 (7.5±0.25)×10 −5 eV 2 [62] and m 1,2 ∼ 0.1 eV. In the limit that ν 1 is massless, this bound is weakened by approximately an order of magnitude. 4 For values of g φ near the upper limit of Eq. (7), the resulting correction to ∆m 2 12 is at the level of 0.1 % and is a negligible effect. Such interactions are 4 Note that our estimate is conservative, since it assumes that gravitational focusing of the DM density near the Sun is negligible. Taking this into account, a simple estimate suggests that ρ DM should be enhanced by a factor of 2G N M /v 2 R ∼ O(1) [88, 89] . Hence, the effect on the modulation fraction is at the level of O(10) %.
well below bounds from leptonic meson decays, which constrain couplings at the level of g φ ∼ 10 −3 [90] . φ should already be present during matter-radiation equality, and hence should oscillate as in Eq. (2) at the time of recombination. In the case that φ provides the dominant contribution to the effective masses of ν 1,2 , we have
such that |φ| is the time-averaged value of |φ|. Planck measurements of the cosmic microwave background (CMB) set an upper limit on the sum of the neutrino masses at the time of photon decoupling, i m i 0.23 eV [91, 92] . Eq. (8) then implies that
which is orders of magnitude weaker than the bound from solar neutrino detectors. Projected sensitivities of CMB Stage-IV experiments could improve upon the limit in Eq. (9) by approximately an order of magnitude [93] . Similar limits can be inferred from the successful prediction of Big Bang Nucleosynthesis (BBN) at temperatures ∼ 1 MeV [94] . During this epoch, the background density of thermal neutrinos dominates the potential of φ, altering the form of Eq. (2). However, since φ does not need to be present at these times, the applicability of these constraints is subject to model-dependent considerations. In light of these insights, we will assume that the temperature associated with the phase transition that sets the initial conditions for φ is significantly below ∼ 1 MeV. As a concrete example, if φ is produced by the misalignment mechanism, it doesn't begin to behave as cold DM until its mass overcomes the expansion rate, m φ (T ) 3 H(T ), which will occur after BBN as long as m φ (1 MeV) 10 −15 eV.
In Fig. 1 , we summarize our results and display the current reach in the m φ − g φ plane from Planck measurements of the CMB and searches for periodicities in the solar neutrino flux from the Super-K and SNO detectors, as well as projected limits from LENA. For 10 −22 eV m φ 10 −17 eV, the induced time-variation in the neutrino flux ranges from ∼ O(1) year − O(10) minutes, respectively. Current solar neutrino experiments have focused on modulations with periods longer than several minutes and hence do not significantly constrain larger masses, m φ 10 −17 eV. As a result of matter effects, the probability for an electron neutrino to survive from the solar interior to the earth is approximately equal to the probability for the neutrino to survive from the solar interior to the solar surface, corresponding to a propagation time of a few seconds [53] . Therefore, in principle, DM masses as large as m φ ∼ 10 −15 eV can induce a detectable flux variation in solar neutrino detectors, while for m φ 10 −15 eV any time-dependence in Eq. (3) averages to a constant. In the case that g φ is radiatively generated through the direct coupling between φ and a heavy right-handed sterile neutrino, N , we have the approximate relation g φ ∼ m ν /m N . It is then interesting to note that for m φ ∼ 10 −22 eV and m ν ∼ 0.1 eV, the projected reach of LENA will probe DM-neutrino couplings as small as g φ ∼ 10 −26 , corresponding to m N ∼ 10
16 GeV and hence right-handed neutrinos at the scale of grand unified theories. Observations of the Lyman-α forest lead to slight tensions with dark matter masses lighter than ∼ 10 −22 eV. For a recent investigation of this scenario, see, e.g., Ref. [95] .
Compared to solar observations, atmospheric, reactor, and accelerator experiments are more directly sensitive to the neutrino mass splittings. These experiments indirectly measure survival probabilities of the form
where L is the baseline, ∆m 2 is the appropriate masssquared splitting, and θ some effective mixing angle. In this case, a simpler effective model entails coupling φ diagonally to one of the neutrino mass eigenstates, denoted as ν,
(11) Eq. (11) leads to an effective time-varying mass-squared splitting between ν and any other neutrino,
where φ 0 ≡ √ 2 ρ DM / m φ , m ν is the vacuum mass of ν, and ∆m 2 is the time-averaged value of the effective mass-squared splitting, ∆m 2 (t). As a result, the neutrino flux develops a time-oscillating component, of frequency m φ , and modulation fraction of
where P ν is defined as in Eq. (10), but with ∆m 2 replaced by ∆m 2 . As an example of the applicability of Eq. (13), let us consider KamLAND, a liquid scintillator detector, which is designed to study the anti-neutrino flux of nuclear power reactors though the processν e + p → e + + n and provides an independent determination of θ 12 and ∆m 2 12 . We estimate that DM-neutrino couplings at the level of g φ ∼ 10
−24 × (m φ /10 −22 eV) would generate an O(10) % modulation fraction in the fluxes as measured by KamLAND. It has been suggested that this level of time-dependence could be detectable [96, 97] , however, such an analysis would involve disentangling this effect from the large time variation in the nuclear reactor fission rates and certainly would provide weaker limits compared to solar neutrino observations.
In this Letter, we have considered a class of models involving small couplings between an ultra-light scalar DM field and SM neutrinos. These types of interactions generically modify the neutrino mass splittings and mixing angles to include additional components that vary in time periodically with a frequency and amplitude dictated by the mass and energy density of the DM. Solar neutrino detectors such as Super-K, SNO, and LENA constitute a particularly interesting class of experiments in regards to these types of models. Null results from recent searches for anomalous periodicities in the solar neutrino flux strongly constrain the DM-neutrino coupling to be orders of magnitude below current and projected limits derived from observations of the effective number of relativistic species during recombination. Although we have focused on solar neutrino experiments, other types of detectors that measure the flux from atmospheric, reactor, and accelerator sources may also have sensitivity to similar phenomenology.
